For a planar-array antenna with a monopulse feed horn, this study describes a simple algorithm for the determination of the direction of target echoes. Antenna pattern measurements of the array indicate that the direction sines of a received wavefront can be independently obtained with one simple relation between a normalized difference channel output and a direction sine. This paper determines the accuracy of the algorithm.
One of the basic tasks of many radar systems is to estimate the direction of detected targets. In a phased-array radar system, the obvious way to obtain target direction is by applying some form of monopulse [1, ch. 21 ]. This paper considers a monopulse system that operates with two difference channels and one sum channel.
When a target is illuminated during search by the radar's transmission beam, echo signals can be obtained via the two difference beams and an additional sum reception beam (which is identical to the antenna's transmission beam). The magnitude and phase of the two difference-channel outputs relative to those of the sum-channel output convey all the relevant information about the direction of the echo. The nature and degree of complication of the relations between the actual angular target position and the magnitudes and phases of the signals received via the three reception channels determine the feasibility of the monopulse process. The dependence on the scanning direction should be simple. The resulting estimation accuracy-should be sufficient. The purpose of this paper is to demonstrate this feasibility by measurements done with an actual phased-array antenna.
Phased-Array Antenna
The phased-array antenna (CAISSA) used for this investigation has been designed and built by the Physics Laboratory of the Netherlands Organization for Applied Scientific Research TNO in cooperation with Hollandse Signaalapparaten. The latter did part of the production of the phase shifters and constructed the monopulse feed hom. This is a space-fed lens-type planar circular array with 847 active and 325 dummy elements illuminated by a horn. The nonreciprocal ferrite phase-shift elements have a 4-bits phase setting. The 3-dB beamwidth of the pencil beam at broadside is approximately 4 degrees. The multimode feed horn provides one sum channel that is used for transmission and reception and two orthogonal difference channels for reception.
The antenna covers a frequency band from 5400 to 5900 MHz and has a useful scan angle of 600 from broadside. The directivity at broadside is 33 dB; the highest sidelobes are smaller than 5 dB. 
6v=I(AE/) J These relations give rise to a much simpler angle estimation algorithm than to those of (1):
1) the estimation is independent for both dimensions; 2) the saime processing is used for both diminsions; 3) the processing is independent of scan direction; and 4) the processing is independent of frequency.
From the measurements it will be shown that indeed the simpler relations are valid with sufficient accuracy.
V. Phased-Array Coordinate System
The appropriate coordinate system to be used is the phased-array coordinate system [21] , [ 1, ch. 1 1] or sine space in which the direction is characterized by two direction sines. In this system, antenna patterns are independent of the scan direction. The coordinates are R, the distance from antenna to target, and u = sin A and v = sin B. Any direction of observation can be characterized by the angles A and B or by sin A and sin B, where A and B are the angles between the line antenna target and its projections on the YZ and XZ planes (see Fig. 2 ). The antenna is placed in the XY plane with its center in the point (0, 0, 0) (XYZ is a rectangular Cartesian coordinate system). When a sphere with unit radius is constructed, centered at the origin, the line from the antenna center toward the target intersects this sphere 
The modulus of F(A, B) lhas a maximum for A = As, B = Bs if M(x, y) is nonnegative over the whole aperture, as is the case for a sum pattern. Any illumination M(x, y) will give rise to a broadside pattern when As = Bs = 0. This pattern will be shifted by (sin As, sin B. ) when a phase factor exp (2ir/X)x sin As + y sin Bs)] is applied. This means that any procedure to estimate echo directions for targets close to broadside can be used as well for targets in other directions.
VI. Measuring Antenna Radiation Patterns
In order to measure antenna patterns, the complete antenna was placed in a double Cartesian suspension (see Fig. 3 ). With this facility, antenna patterns in all sections through the main-beam axis can be measured by using the array antenna for transmission and measuring the field by a fixed measuring horn in the far field of the array. The suspension system has been designed so that for any scan direction, the antenna is tilted first over an angle 71 until the beam axis is horizontal and then rotated around a vertical axis (angle X) in order to measure a longitudinal section of the two-dimensional antenna pattern through the main-beam axis. The same procedure can be used after rotation of the array around its broadside axis to get another section through the main-beam axis.
Measurements The angular estimation algorithm is based on the measurements obtained from more than 700 recorded antenna patterns. Fig. 4 shows an example of recordings of the sum and difference channels for five sections of a broadside main beam at one radar frequency. The mechanical scanning was done in the antenna's H plane so that a zero response is obtained in the AH channel for X = 0.
The accuracy of the results depends on the accuracies of the adjusted values of n and of the recorded values of X, which are respectively 0.1 and 0.05 degrees. By interchanging the E and H planes (by rotating the array around its broadside axis over 90°) the accuracies of q and X could be checked against one another. The ratios AE/E and AH/E, obtained on a grid of (A sin A, A sin B) lines, are determined for all measured points in a rectangle circumscribing the main beam's 3-dB contour. Fig. 5 presents an example for AH/E with the beam scanned to As = Bs = 300 at a frequency of 5650 MHz. From 12) this figure it is seen that AH/E is not completely independent of A sin B since tWiere is a discrepancy between the values in the same column, wiich increases toward the edges. This pincushion effect is similar to the barrel distortion shown in Fig. 49 [1, ch In further results, the dependence of AH/E on A sin B and AE/I2 on A sin A could therefore be discarded. Fig. 6 (A) and (B) show the measured quotients for all scan directions at one frequency for AH/IE and AE/I2 patterns.
The same is done in Fig. 7 (A) and (B) for the three frequencies combined. in these graphs, a curve is fitted through the obtained points while using a mean-squareerror criterion. The a) scan the beam to a direction (sin As, sin Bs) such that the target will be inside the main beam; b) determine magnitudes and relative signs of the echo signals in both difference channels and the sum channel; c) normalize the difference channel magnitudes by the sum-channel magnitude (AH/E and AE/1); d) compute sin A = sin As + f (AH/E) sin B = sin BS +f (AE/E).
where fis polynomial of the third degree.
The indicated angle estimation procedure is simple since: .03St LS -5a
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When a broadside beam pattern is to be measured, the Instead of the required value of sin B = sin i the recorded value is sin i1 cos X. The corresponding error is: e = sin ti7 (1 -cos X).
For scanned beam positions the same situation exists relative to boresight. The corresponding error in A sin B is:
e= sin Ai(1 -cosAX).
(8)
